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(g) Solid state condenser and microphone. 

(57) A solid state miniature condenser and con- 
denser microphone of good sensitivity is pro- 

' vided. It comprises a fixed perforated backplate 
that constitutes a fixed electrode in a parallel 
plate condenser, a diaphragm sensitive to inci- 
dent sound pressure waves that constitutes a 
moveable plate in the parallel plate condenser, 
means to position the diaphragm in relationship 
to the backplate without applying appreciable 
tension to the diaphragm, and FET circuitry 
which provides an output proportional to the 
change in capacitance of the condenser when 
the diaphragm moves in relationship to the 
backplate. 
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FIELD OF THE INVENTION 

This invention relates to solid state condensers. 
More particularly, it relates to miniature solid state 
condenser microphones useful in applications where 
small dimensions are desired, such as, for sensors in 
hearing aids. 

BACKGROUND OF THE INVENTION 

A typical condenser microphone is composed of 
a voltage bias element, Vbias, (commonly an elec- 
tret), a diaphragm/ backplate pair forming a capacitor 
which varies with sound pressure, and a Field Effect 
Transistor (FET) circuit for buffering the output signal. 
Miniature microphones used in hearing aids and other 
applications are typically electret condenser micro- 
phones. These are built with highly precision stamped 
metal parts, organic diaphragm films such as mylar 
and polyester, and highly charged electret films to 
bias the microphones. These microphones have cer- 
tain shortcomings. Their size has been reduced to the 
limits of manufacturability. Lack of uniformity in the 
stamping and assembly processes results in a large 
variability in sensitivity. Furthermore, temperature 
and humidity effects on the organic diaphragm film 
and electret result in long term drift in microphone 
performance. 

In attempts to overcome the difficulties associat- 
ed with traditional miniature microphones, various 
workers have tried to make solid state microphones 
using semi-conductor techniques. Such microphones 
using inorganic thin films have the potential to over- 
come the problems associated with conventional 
miniature microphones. However, attempts to build 
such solid state microphones have not been success- 
ful in achieving the necessary sensitivity simultane- 
ously with good manufacturability. 

Conventional microphones have rectangular dia- 
phragm/backplate pairs typically measuring several 
millimeters on a side with a spacing between the dia- 
phragm and the backplate of several tens of microns. 
An electret bias of several hundred volts is required to 
bring the microphone sensitivity to the desired range. 
In designing a solid state microphone, for example 
one from silicon, it is desirable to reduce the bias vol- 
tage to the 5 to 10 volt range in order to eliminate the 
environmental stability problems with the electret. 
This voltage can conveniently be developed directly 
from the power supply or with conventional charge 
pump circuitry. Reducing the bias value requires a 
commensurate increase in the ratio of the change of 
capacitance (AC) to the capacitance (C) to maintain 
an equivalent sensitivity. One method of maintaining 
the sensitivity of the miniature microphone is to re- 
duce the gap between the diaphragm and the back- 
plate to from about 1 to about 2 microns. It is also nec- 
essary to keep the mechanical compliance of the dia- 



phragm (deflection vs. sound pressure level) to a level 
at least comparable to that in conventional micro- 
phones. 

In a diaphragm there are two kinds of forces 

5 which resist deflection in response to pressure. The 
first are plate bending forces which are proportional 
to the thickness of the diaphragm. These can be re- 
duced by using a very thin film diaphragm. The sec- 
ond class of forces which resist deflection are mem- 

10 brane forces which are proportional to the tension ap- 
plied to the membrane or diaphragm. In the case of 
a thin film diaphragm, tension is not generally put in 
intentionally but is a result of the fabrication technique 
and of mismatches in thermal expansion coefficients. 

is Previous workers who have prepared solid state 

microphones have recognized the problem of resid- 
ual tension in the diaphragm. Hohm and Hess, J. 
Acoust. Soc. Am. 85, 476-480 (1989) used a flat sili- 
con nitride diaphragm with large residual tension. To 

20 reduce the tension, they implanted nitrogen to relax 
the nitride film. However, this technique is sensitive 
to implant dosage and energy, and to the thermal an- 
nealing cycle. It is difficult to control uniformity of the 
original tension across such a diaphragm and such a 

25 process may not impart long term stability to the dia- 
phragm. 

Bergqvist and Rudolf, Transducers 91, Proceed- 
ings of the International Conference on Solid-State 
Sensors and Actuators (IEEE, New York, 1991) 

30 pp.266-269, reduced membrane forces in a different 
fashion. They established a low tension diaphragm by 
using lightly doped single crystal silicon. While this 
was successful in reducing membrane tension, a 
parasitic capacitance was formed which canceled the 

35 advantage of the low stress diaphragm. 

It is an object of the present invention to produce 
a solid state microphone which can be made smaller 
than conventional microphones and which has a tight- 
ly controlled sensitivity. It is a further objective of the 

40 present invention to produce a solid state microphone 
with reduced membrane forces and with very low 
parasitic capacitance. 

These and other objects of the invention will be- 
come apparent to those skilled in the art when the fol- 

45 lowing detailed description of the invention is read in 
conjunction with the accompanying drawings. 

SUMMARY OF THE INVENTION 

so In accordance with the present invention there is 

provided a solid state miniature condenser of high 
sensitivity and good manufacturability. It overcomes 
the tension forces associated with reduced thick- 
ness, solid state diaphragms and its design minimizes 

55 undesirable stray capacitances encountered in some 
prior attempts to prepare miniature solid state con- 
densers. 

Further, in accordance with the present invention 
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there is provided a solid state condenser microphone 
device constructed by combining (1) a fixed perforat- 
ed backplate which constitutes a fixed electrode in a 
parallel plate condenser, (2) a diaphragm sensitive to 
incident sound pressure waves which constitutes a s 
moveable electrode in the parallel plate condenser, 
(3) means to retain the diaphragm in operative rela- 
tionship to the backplate without applying appreci- 
able tension to the diaphragm, and (4) a Field Effect 
Transistor circuit electrically connected to the back- 10 
plate and diaphragm to provide an output proportional 
to the change in capacitance of the condenser when 
the diaphragm moves in relationship to the backplate. 

BRIEF DESCRIPTION OF THE DRAWINGS 15 

Other objects and advantages of the invention 
will become apparent upon reading the following de- 
tailed description and upon reference to the drawings, 
in which: 20 

Figs. 1a and 1b are cross section views which il- 
lustrate the preparation of a diaphragm according to 
one embodiment of this invention. 

Fig. 2 is a plan view of the diaphragm of Fig. 1b. 
Fig. 3 is a plan view of a diaphragm according an- 25 
other embodiment of this invention. 

Fig. 4 is a cross section view of a backplate in ac- 
cordance with an embodiment of this invention. 
Fig. 5 is a plan view of the backplate of Fig. 4. 
Fig. 6 is a cross section view of a condenser ac- 30 
cording to an embodiment of this invention. 

Fig. 7 is a cross section view of a condenser in ac- 
cordance with another embodiment of this invention. 

While the invention will be described in connec- 
tion with certain preferred embodiments, it is under- 35 
stood that it is not intended to limit the invention to 
those embodiments. On the contrary, it is intended to 
cover all alternatives, modifications and equivalents 
as may be included within the spirit and scope of the 
invention as defined by the appended claims. 40 

DETAILED DESCRIPTION OF THE INVENTION 

Solid state microphones of the prior art have em- 
ployed a diaphragm whose edges were all solidly at- 45 
tached to the condenser. Such a solid attachment ap- 
plies tension to a thin membrane during its fabrication. 
The present invention is based on the discovery that 
if the diaphragm is only loosely clamped at its edges, 
little tension is built up in the diaphragm. As a result, 50 
the diaphragm shows greater sensitivity in its re- 
sponse to sound pressure. 

A diaphragm with low tension can be prepared by 
the method illustrated in Figs. 1a and 1b. A double 
side polished <100> orientated silicon wafer 1 is oxi- 55 
dized to form 1000 A layers of oxide 2 and 9 on both 
sides of the wafer. Then 5000 A layers of polycrystal- 
line silicon (poly) are deposited on both sides of the 



wafer by low pressure chemical vapor deposition 
(LPCVD). Aone micron layer of silicon nitride 4 is next 
deposited by plasma enhanced chemical vapor de- 
position (PECVD) on the front side and etched to form 
the diaphragm. Additional 5000 A sacrificial layers of 
poly are deposited by LPCVD on top of the silicon nitr- 
ide and the back side of the wafer. Both poly layers 
3 and 5 on the front side of the wafer are etched just 
beyond the edge of nitride diaphragm 4 using a wet 
etch such as ethylene diamine-pyrocatecho! (EDP). 
This etch simultaneously removes the poly layers 
from the back side of the wafer. A further layer of 
PECVD nitride of 1.5 microns thickness is deposited 
on the front side only and etched to form the upper 
clamps 6. The figures are not to scale, since the thick- 
ness of the silicon wafer 1 is very large in comparison 
with the other layers. 

Jig. 2 s hows a top view of the diaphragm with 
clamps 6 in place. The upper clamps are small, sep- 
arate elements so that their internal stresses do not 
cause cracking of the clamps or the rest of the struc- 
ture. These damps can take a variety of shapes. 

To complete fabrication of the diaphragm, the 
polycrystalline silicon layer 5 on top of the diaphragm 
is stripped away, and a chrome/gold metal layer 7 is 
deposited on the diaphragm as noted in Fig. 1b. The 
gold is etched off the diaphragm surface to leave only 
a very thin chrome layer (100-200 A in thickness). 
The gold serves to connect the diaphragm with the 
other circuitry on the wafer. The oxide 9 on the back- 
side of wafer is then etched to serve as a mask for the 
cavity etch. Soaking the wafer in an anisotropic etch- 
ant such as EDP create s cavit yJTand etches away 
the sacrificial polycrystalline silicon layers 3 and 5, 
freeing the diaphragm. A final dip in buffered HF sol- 
ution removes oxide layer 2 from under the dia- 
phragm. 

A top view of the diaphragm is shown in Fig. 2. 
The diaphragm has a long tail member 10 off to one 
side which terminates in a square pad 12 that is fixed 
to the silicon substrate. While the diaphragm is free 
floating, it is restricted in movement by the silicon 
substrate below, the clamps above, and the long tail 
10. 

The metal layer 7 on the diaphragm is restricted 
to the central region where the diaphragm deflection 
is greatest. This maximizes the sensitivity of the mi- 
crophone and minimizes parasitic capacitance be- 
, tween the diaphragm and the rest of the structure. 
Because the diaphragm is insulated from the silicon 
substrate, parasitic capacitance is further reduced by 
application of a guard voltage, derived from the output 
of an FET circuit to the substrate. 

Turning t o Fig. 3, there is shown a plan view of a 
diaphragm which illustrates another embodime nt of 
this invention. The movement of this diaphragm is not 
restricted by means of clamps or a fixed tan as the 
one illustrated in Figs. 1 and 2. In this case two small 
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regions 20 of the diaphragm are attached to the sili- 
con oxide layer. Portions of the diaphragm adjacent 
to the fixed areas are etched away leavingJio!e&_22 
in the diaphragm. This procedure produces long thin 
arms 24 extending from the area of the diaphragm 20 
which is attached to the silicon oxide layer. These 
arms act as springs which can easily flex and reduce 
tension in the diaphragm. Similar structures would be 
obvious to those skilled in the art. The diaphragm il- 
lustrated in Fig. 3 has the advantage of a simpler fab- 
rication sequence over that shown in Figs. 1 and 2. 
However, this diaphragm is not constrained in the 
vertical direction as much as that shown in Figs. 1 and 
2 and hence is subject to more breakage during the 
etching step to free it. 

The design of a backplate used in the practice of 
this invention is best seen by reference to Rg.4. T his 
shows in cross section a backplate 32 prepared by 
etching a silicon wafer. Backplate 32 has a number of 
perforations 30 to minimize stiffness due to air trap- 
ped between the diaphragm and the backplate. The 
backplate is prepared from a silicon chip which has 
been heavily doped with boron. This puts the back- 
plate under tension, enhances conductivity, and 
serves as an etch stop to create the needed geome- 
try. Bergqvist, mentioned above, pointed out the need 
for a highly perforated backplate. However, he incor- 
rectly identified the need for a low stress in the back- 
plate by using lightly doped single crystal silicon. Ac- 
tually, a stiff backplate is preferred since it gives the 
highest possible relative motion between the dia- 
phragm and the backplate. 

The fabrication of the backplate begins with a 
double polished, <100> oriented silicon wafer 33 on 
which a nitride layer is deposited and etched to mask 
the shallow gap 35. The shallow gap is etched about 
2 microns deep into the silicon with an isotropic etch- 
ant The remaining nitride is removed and a new layer 
is deposited and etched to leave tiny islands posi- 
tioned over the locations where the holes 30 are de- 
sired. A heavy boron dose is diffused into the front 
surface to form a p+ etch stop approximately 4 mi- 
crons deep. The nitride 3 6 on the back of the wafer 
resulting from the second deposition, is etched to 
serve as a mask for the cavity etch. Soaking the wa- 
fer in an anisotropic etchant such as EDP forms the 
cavity 31, leaving the perforated backplate 32. 

^Fio^JLshows a plan view of the backplate. In this 
figure a comparatively small number of holes 30 are 
illustrated. However, in carrying out the invention, it 
is frequently convenient to prepare a backplate with 
many more perforations. 

In accordance with this invention, the diaphragm 
and backplate are bonded together using one of the 
common techniques such as eutectic soldering, elec- 
trostatic bonding, or silicon fusion bonding. A bonded 
pair is shown in cross section in Fig^6. In order to com- 
plete the unit for use in a microphone, the combina- 



tion of diaphragm and backplate is mounted on a sup- 
port 40 which serves to form, with the backplate, a 
closed backchamber 42. T he FET circuitry 44 a s well 
as a bias source is easily integrated on one of the sil- 

5 icon pieces to form a complete microphone element. 

In accordance with a further aspect of the inven- 
tion, the diaphragm and backplate may be formed on 
a single silicon wafer. This arrangement is illustrated 
in Fig. 7. I n this embodiment of the invention, back- 
to plate 32 is defined first using the boron doping proc- 
ess illustrated in Fig. 4 without first forming the shal- 
low gap. After the boron doping, phosphorous is dif- 
fused into region 46 to counter dope the boron. The 
front surface of the wafer remains relatively planar 

15 and the p+ etch stop is now buried below the surface. 
The diaphragm 4 and clamps 6 are next fashioned on 
the silicon wafer 1 using the same general procedure 
illustrated in Figs. 1a and 1b. When the wafer is 
soaked in EDP to form cavity 42, the sacrificial layers 

20 are removed to free the diaphragm and gap 46 is cre- 
ated. The silicon wafer containing backplate 32 is at- 
tached to base 40 to give a closed backchamber 42. 
FET circuitry 44 and a voltage bias source are inte - 
grated on the silicon piece to form a complete micro- 

25 phone element 

"* In carrying out this invention, it is necessary to 
avoid acoustical leaks around the diaphragm be- 
tween the sound source and backchamber 42. Such 
acoustical leaks are prevented in the device in Fig. 7 

30 because the edges of diaphragm 4 contact silicon wa- 
fer 1 as it moves towards the backplate by electrostat- 
ic attraction created by the bias voltage. In the device 
illustrated in Fig. 6, an acoustical leak is prevented by 
means of ring 34 in the backplate member which en- 

35 gages diaphragm 4 as it moves toward the backplate 
under the same electrostatic attraction. However, 
these devices permit low frequency airflow from the 
backchamber to compensate for any static pressure 
differences between the backchamber and the envir- 

40 onment. 

The present invention has been described with 
respect to certain embodiments and conditions, 
which are not meant to limit the invention. Those skil- 
led in the art will understand the variations from the 

45 embodiments and conditions described herein may 
be made without departing from the invention as set 
forth in the appended claims. 

so 'Claims 

1. A solid state condenser device comprising: 

(a) a fixed perforated backplate which consti- 
tutes a fixed electrode in a parallel plate con- 

55 denser; 

(b) a diaphragm sensitive to incident sound 
pressure waves which constitutes a moveable 
electrode in said parallel plate condenser; and 
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(c) means to retain said diaphragm in opera- 
tive relation to said backplate without applying 
ap preciable tension to said diaphragm. 

2. The solid state condenser device of claim 1 
wherein the backplate is prepared from a boron 
doped silicon wafer. 

3. The solid state condenser device of claim 1 
wherein the diaphragm is a silicon nitride dia- 
phragm. 

4. The solid state condenser device of claim 1 
wherein the diaphragm is retained in relation to 
said backplate by clamps and a tail member fixed 
to the backplate. 

5. The solid state condenser device of claim 1, 
wherein the diaphragm includes spring elements 
attached to the backplate thereby to retain it in 
operative relation to said backplate. 

6. The solid state condenser device of claim 1, 
wherein the parallel plate condenser is prepared 
from a single silicon wafer. 

7. A solid state condenser microphone device com- 
prising: 

(a) a fixed perforated backplate which consti- 
tutes a fixed electrode in a parallel plate con- 
denser, 

(b) a diaphragm sensitive to incident sound 
pressure waves which constitutes a moveable 
electrode in said parallel plate condenser; 

(c) means to retain said diaphragm in opera- 
tive relation to said backplate without applying 
appreciable tension to said diaphragm; and 

(d) a Field Effect Transistor circuit electrically 
connected to said backplate and said dia- 
phragm to provide an output proportional to 
the change in capacitance of said condenser 
when said diaphragm moves in relationship to 
said backplate. 

8. The solid state condenser microphone device of 
claim 7 wherein the backplate is prepared from a 
boron doped silicon wafer. 

9. The solid state condenser microphone device of 
claim 7 wherein the diaphragm is a silicon nitride 
diaphragm. 

10. The solid state condenser microphone device of 
claim 7 wherein the diaphragm is retained in re- 
lation to said backplate by clamps and a tail mem- 
ber fixed to the backplate. 



claim 7, wherein the diaphragm includes spring 
elements attached to the backplate thereby to re- 
tain it in operative relation to said backplate. 

5 12. The solid state condenser microphone device of 
claim 7 which is prepared from two silicon wafers 
and which contain the Field Effect Transistor cir- 
cuitry integrated on one of the silicon wafers. 

10 13. The solid state condenser microphone device of 
claim 12 which contains means to prevent acoust- 
ical leaks around the diaphragm. 

14. A solid state condenser microphone device pre- 
15 pared on a single silicon wafer which comprises: 

(a) a fixed perforated backplate, prepared 
from said silicon wafer, which constitutes a 
fixed electrode in a parallel plate condenser; 

(b) a diaphragm sensitive to incident sound 
20 pressure waves which constitutes a moveable 

electrode in said parallel plate condenser; 

(c) means to retain said diaphragm in opera- 
tive relation to said backplate without applying 
appreciable tension to said diaphragm; and 

25 (d) a Field Effect Transistor circuit electrically 

connected to said backplate and said dia- 
phragm to provide an output proportional to 
the change in capacitance of said condenser 
when said diaphragm moves in relationship to 

30 said backplate. 

15. The solid state condenser microphone device of 
claim 14 wherein the backplate is prepared from 
a boron doped silicon wafer. 

35 

16. The solid state condenser microphone device of 
claim 14 wherein the diaphragm is a silicon nitride 
diaphragm. 

40 17. The solid state condenser microphone device of 
claim 14 wherein the diaphragm is retained in re- 
lation to said backplate by clamps and a tail mem- 
ber fixed to the backplate. 

45 18. The solid state condenser microphone device of 
claim 14, wherein the diaphragm includes spring 
elements attached to the backplate thereby to re- 
tain it in operative relation to said backplate. 

50 19. The solid state condenser microphone device of 
claim 14 wherein the Field Effect Transistor cir- 
cuitry is integrated on the silicon wafer. 

20. The solid state condenser microphone device of 
55 claim 14 which contains means to prevent acoust- 

ical leaks around the diaphragm. 



11. The solid state condenser microphone device of 
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